Kauzmann paradox and the crystallization of glass-forming melts by Schmelzer J. et al.
Contents lists available at ScienceDirect
Journal of Non-Crystalline Solids
journal homepage: www.elsevier.com/locate/jnoncrysol
Kauzmann paradox and the crystallization of glass-forming melts
Jürn W.P. Schmelzera,⁎, Alexander S. Abyzovb, Vladimir M. Fokinc,d, Christoph Schicka,e
a Institute of Physics, University of Rostock, Albert-Einstein-Strasse 23-25, 18059 Rostock, Germany
b National Science Center, Kharkov Institute of Physics and Technology, Kharkov 61108, Ukraine
c Universidade de São Paulo, Escola de Engenharia de São Carlos, São Carlos 13565-905, Brazil
d Center for Research, Technology and Education in Vitreous Materials, Department of Materials Engineering, Federal University of São Carlos, São Carlos 13565-905,
Brazil
e Kazan Federal University, Kremlyovskaya street 18, Kazan 420008, Russian Federation
A R T I C L E I N F O
Keywords:
Glass
Crystal nucleation
Kauzmann paradox
A B S T R A C T
General relations for the dependence of the thermodynamic driving force of crystallization and the speciﬁc
interfacial energy melt-crystal of critical crystal clusters on temperature and pressure are derived. Its application
to the analysis of experimental data on crystal nucleation seems to support at a ﬁrst glance a proposal by
Kauzmann on the existence of a pseudo-spinodal curve in melt-crystallization. Provided this assumption is true,
Kauzmann temperature (and for pressure-induced nucleation, the Kauzmann pressure) cannot be reached by a
metastable liquid due to intensive crystallization processes occurring in its vicinity. However, such suggestion
cannot be retained taking into account the kinetic terms (diﬀusion coeﬃcients, viscosity) in the expression for
the nucleation rate. The absence of a pseudo-spinodal in melt-crystallization can be veriﬁed also in an alternative
way by considering the characteristic time scales of crystallization and relaxation. Finally, it is shown that the
phenomenon denoted commonly as Kauzmann paradox is merely an untypical as compared to normal conditions
type of behavior. Neither in its original formulation nor in its consequences it results in any contradictions with
basic laws of nature. They are prevented either by normal (not associated with a pseudo-spinodal) crystallization
or a conventional glass transition.
1. Introduction
The formation of crystallites in liquids caused by deviations of
temperature or pressure from the respective liquid-crystal equilibrium
states is a realization of ﬁrst-order phase transformations, which is of
particular importance in a variety of processes in nature and techno-
logical applications. In order to describe appropriately such processes,
the thermodynamic driving force and the speciﬁc interfacial energy for
the respective phase transition have to be known being two of the main
ingredients of the theoretical description [1–4]. The ﬁrst of these pro-
blems - the determination of the thermodynamic driving force - has
been intensively discussed for crystallization caused by variations of
temperature. It is much less analyzed for crystallization caused by
variations of pressure [5] or simultaneously of both pressure and tem-
perature [6]. The second of the mentioned problems - the speciﬁcation
of the speciﬁc interfacial energy melt-crystal - is a more complex task as
compared to the ﬁrst one since even for planar interfaces the experi-
mental determination of this quantity is not possible with an accuracy
required for the description of nucleation and appropriate theoretical
approaches have to be advanced in order to ﬁll this gap [7–9].
By the mentioned reasons, as a ﬁrst topic of the present paper, re-
sults of the recent work devoted to these problems [10–13] are brieﬂy
reviewed and advanced, i.e., expressions for the thermodynamic
driving force and the speciﬁc interfacial energy in dependence on both
pressure and temperature are formulated. As one of the applications of
these expressions the question has been analyzed in [14–16], whether
certain peculiarities in the dependence of the work of critical cluster
formation on temperature observed widely experimentally can be ex-
plained by classical nucleation theory (CNT) employing these results or
whether other features of crystal nucleation at large undercooling have
to be accounted for not incorporated commonly into CNT (see also
[17–20]). Here we will employ these results for an analysis of the in-
terplay of crystal nucleation and glass transition processes, of Kauz-
mann’s suggestion of the existence of a pseudo-spinodal at low tem-
peratures characterized by intensive crystal nucleation, and of possible
ways of resolution of the Kauzmann paradox. All three topics represent
important problems in the theoretical description of the vitreous state
and of melt crystallization widely discussed in the literature.
Indeed, a variety of speciﬁc features of crystal nucleation and
growth as compared with other types of ﬁrst-order phase
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